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THE	EFFECT	OF	MINDFULNESS	TRAINING	ON	VISUAL	OBJECT	PATTERN	
SEPARATION	AND	HIPPOCAMPAL	STRUCTURE			
	
CAROLINE	BANDURSKA	ABSTRACT	A	healthy	memory	is	essential	to	personal	identity,	completion	of	everyday	tasks,	and	social	acceptance.	As	factors	such	as	age	and	illness	threaten	this	key	aspect	of	life,	scientific	and	commercial	attention	has	shifted	to	software,	pharmaceuticals,	and	medical	devices	that	help	stave	off	inevitable	memory	decline.	There	is	evidence	suggesting	that	changes	in	lifestyle	similarly	work	to	improve	memory.	Mindfulness	meditation,	which	is	a	practice	rooted	in	the	spiritual	beliefs	of	Buddhism,	has	emerged	as	a	promising	technique	to	improve	facets	of	cognition,	including	memory,	as	well	as	to	change	structures	in	the	brain.	Pattern	separation	is	a	key	process	of	episodic	memory	that	allows	one	to	keep	similar	memories	distinct.	In	this	study,	we	evaluate	the	efficacy	of	a	4-week	mindfulness	training	program	on	visual	object	pattern	separation	against	an	active	creative	writing	control	intervention	and	find	that	mindfulness	meditation	improves	pattern	separation	and	promotes	changes	in	hippocampal	brain	structures.			 	
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INTRODUCTION		 A	healthy	memory	is	essential	to	personal	identity,	successful	completion	of	daily	tasks,	and	establishment	of	meaningful	social	relationships.	Deficits	in	memory	are	associated	with	the	normal	aging	process,	with	loss	of	episodic	memory	beginning	as	early	as	in	the	20s1.	Furthermore,	as	an	increasing	number	of	the	population	grows	older	and	lives	longer,	many	age-related	neurodegenerative	illnesses	associated	with	memory	loss,	such	as	AD	and	Parkinson’s	disease	(PD),	are	becoming	more	prevalent.	In	2010,	it	was	estimated	that	4.7	million	individuals	were	living	with	AD	in	the	United	States,	and	this	figure	is	projected	to	reach	a	staggering	13.8	million	by	the	year	20502.	Many	psychiatric	illnesses,	such	as	bipolar	disorder	and	major	depression—which	in	combination	affect	approximately	10%	of	adults	in	the	U.S—feature	cognitive	impairments	such	as	diminished	memory3–6.		Pattern	separation	and	pattern	completion	are	opposing	computational	processes	used	by	the	brain	in	memory.	Pattern	separation	distinguishes	contextually-similar	encoded	memory	representations,	while	pattern	completion	retrieves	representations	based	on	limited	or	noisy	input7.	These	processes	allow	the	brain	to	maximize	the	amount	of	information	that	can	be	stored	while	minimizing	misrepresentation,	and	are	believed	to	be	key	elements	of	encoding	and	retrieval	of	context-dependent	episodic	memory8.	Pattern	separation	and	completion	occur	in	the	hippocampus,	with	pattern	separation	attributed	primarily	
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to	the	dentate	gyrus	(DG)9–11	and	pattern	completion	to	the	CA3	region12,13	(Figure	1).	The	integrity	of	pattern	separation	becomes	compromised	due	to	changes	in	the	hippocampus	associated	with	the	normal	aging	process14,	as	well	as	in	disease	states	such	as	Alzheimer’s	disease	(AD)15,16	and	schizophrenia17.	While	pattern	separation	diminishes	with	age	and	ailment,	pattern	completion	often	stays	intact,	increasing	one’s	tendency	to	classify	similar	inputs	as	being	one	and	the	same18.		Given	the	near	inevitability	of	memory	loss	via	age	or	illness,	enhancement	of	overall	cognition	in	healthy	individuals	has	become	a	pressing	issue	of	both	commercial	and	scientific	exploration.	The	popularity	of	cognitive	training	software,	such	as	Lumosity,	has	risen	dramatically	as	individuals	seek	to	stave	off	cognitive	decline;	in	2013	the	company	generated	a	revenue	of	$23.6	million	US	Dollars19	Pharmaceuticals	and	medical	devices	have	been	developed	to	improve	cognitive	abilities	in	those	with	brain	disorders	such	as	schizophrenia	and	attention	deficit	hyperactivity	disorder	(ADHD).	However,	these	treatments	have	raised	critical	questions,	such	as	whether	it	is	ethical	and/or	safe	to	allow		non-clinical	populations	access	to	such	tools	of	cognitive	enhancement	20,21.	Therefore,	it	is	important	to	investigate	safer	alternatives	that	may	be	more	accessible	to	all.	Mindfulness	training	is	a	form	of	complementary	and	alternative	medicine	(CAM)	that	facilitates	changes	in	the	hippocampus	and	improves	behavioral	attention	and	memory	processes.	Experienced	mindfulness	meditation	practitioners	exhibit	larger	hippocampal	volumes	and	improvements	in	memory	performance	
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compared	to	non-meditators22,23.	Mindfulness	practice	serves	as	a	safe,	viable	alternative	that	may	play	a	positive	role	in	memory	improvement.				
	
Figure	1.	Diagram	of	hippocampal	sub-regions	of	particular	importance	to	pattern	separation	and	completion24	
	
MINDFULNESS	1. WHAT	IS	MINDFULNESS?			Over	the	last	several	decades,	popular	and	academic	interest	in	mindfulness	training	has	grown	profoundly.	Between	2002	and	2012,	the	use	of	CAM	techniques	emphasizing	mindfulness	–	such	as	yoga,	deep	breathing,	and	meditation	–	increased	from	25%	to	29%	among	adults	in	the	U.S.25	Mindfulness,	which	draws	upon	Buddhist	spiritual	tradition,	is	defined	broadly	by	Kabat-Zinn	as	a	practice	of	purposeful	and	non-judgmental	attention	to	the	present	moment26.	Through	
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mindfulness	individuals	can	attain	a	greater	understanding	and	appreciation	for	areas	of	life	that	may	be	underdeveloped,	such	as	deep	emotions	and	momentary	feelings27.		There	are	various	approaches	to	mindfulness	meditation	practice	based	on	existing	Buddhist	traditions,	but	all	involve	careful	control	of	the	attention.	In	focused	attention	(FA)	meditation,	the	attention	is	guided	to	a	particular	object,	such	as	the	sensations	associated	with	the	breath	or	body.	Anytime	the	mind	wanders	from	the	task,	meditators	are	encouraged	to	monitor	the	invading	thought	and	gently	guide	their	attention	back	without	labeling	the	distraction	negatively28.	Improvement	in	this	kind	of	meditation	is	often	observed	through	the	number	of	distractions	one	encounters	while	practicing,	with	more	seasoned	practitioners	experiencing	fewer	distractions	than	newer	practitioners.		Open	monitoring	(OM)	meditation	often	occurs	once	one	has	grasped	FA	meditation.	In	this	style	of	meditation,	practitioners	are	encouraged	to	focus	less	on	an	object	and	instead	shift	their	attention	to	monitoring	invasive	thoughts.	In	contrast	to	FA	meditation,	OM	offers	no	clear	distinction	between	“focusing”	and	“non-focusing”.	Therefore	FA	meditation	is	often	classified	as	an	effortful	practice,	whereas	OM	is	considered	more	of	an	effortless	practice28.		A	third	style	of	mindfulness	practice	is	loving-kindness	(LK)	meditation,	or	metta	(in	Pali).	This	practice	focuses	the	attention	on	individuals	one	knows	or	may	encounter	throughout	the	day	-		as	a	way	to	cultivate	a	mental	state	of	kindness	to	all29.		
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2. MINDFULNESS	USED	CLINICALLY		Mindfulness	programs	have	been	modified	into	clinical	interventions	used	to	treat	patients	with	salubrious	results.	Mindfulness-based	stress	reduction	(MBSR)	was	created	and	implemented	by	Kabat-Zinn	utilizing	a	mindfulness	paradigm	as	a	structured	treatment	for	chronic	pain	sufferers30.	After	completion	of	the	program,	patients	reported	reduced	pain,	improved	mood,	and	fewer	medical	symptoms.	MBSR	has	also	been	found	beneficial	in	the	treatment	of	fibromyalgia	syndrome31–33,	binge	eating34–36,	as	well	as	irritable	bowel	syndrome	(IBS)37,38.		Elements	of	MBSR	were	integrated	into	cognitive	behavioral	therapy	(CBT)	to	create	an	intervention	for	depression	called	mindfulness-based	cognitive	therapy	(MBCT).	Pilot	studies	have	found	compelling	evidence	for	use	of	MBCT	as	a	primary	or	adjunct	therapy	for	treatment-resistant	depression	(TRD)39,40	as	well	as	generalized	anxiety	disorder	(GAD)41.	Mindfulness	techniques	have	been	found	to	be	effective	in	reducing	stress42,	ameliorating	chronic	pain43,	and	even	reducing	the	number	of	emotional	and	physical	symptoms	of	premenstrual	syndrome	(PMS)44	and	menopause45.	Experienced	meditators	show	increased	feelings	of	subjective	wellbeing,	reduced	psychological	symptoms,	and	enhanced	emotional	and	behavioral	regulation	when	compared	to	non-experienced	controls46.			3. NEURAL	CORRELATES	OF	MINDFULNESS		 Recent	neuroimaging	studies	have	investigated	the	role	mindfulness	plays	in	wellbeing	by	examining	the	parts	of	the	brain	involved	in	the	practice.	In	a	meta-
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analytical	review	of	structural	changes	associated	with	mindfulness	practice,	several	grey	matter	regions	and	white	matter	pathways	related	to	meta-awareness,	body	awareness,	memory,	emotional	regulation,	and	connectivity	were	found	to	be	consistently	altered47.	Of	particular	interest	to	memory	are	changes	in	the	hippocampus.	In	functional	Magnetic	Resonance	Imaging	(fMRI)	studies,	increased	activation	via	the	blood-oxygen	level	dependent	(BOLD)	signal	was	reported	in	the	hippocampus	following	mindfulness	interventions48,49.			Another	study	utilizing	magnetic	resonance	(MR)	imaging	found	that	participants	displayed	increased	grey	matter	concentration	in	the	hippocampus	following	MBSR50.	Changes	in	hippocampal	activation	and	grey	matter	suggest	that	meditation	plays	a	role	in	encoding	and	retrieval	processes	associated	with	learning	and	memory.			
MEMORY	
1. SYSTEMS	OF	MEMORY		Much	of	what	is	known	about	memory	has	been	derived	from	studies	in	animals	and	amnesic	patients.	19th	century	philosophers	and	psychologists	could	intuitively	discern	the	existence	of	at	least	2	distinct	systems	of	memory51.	However,	it	was	not	until	the	20th	century	that	scientists	began	to	flesh	out	the	psychological	and	biological	distinctions	between	various	kinds	of	memory.	Perhaps	one	of	the	most	famous	case	reports	in	the	study	of	memory	is	Patient	H.M.	Following	a	resection	of	medial	temporal	lobe	(MTL)	structures	to	treat	severe	epilepsy,	H.M.	was	unable	to	acquire	and	recall	factual	and	experiential	information	but	was	able	to	
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learn	a	mirror-tracing	task.	This	dissociation	was	significant	in	two	ways.	First,	it	suggested	the	presence	of	distinct	systems	for	the	processing	of	facts/experiences.	Second,	it	intimated	the	necessity	of	the	MTL	for	proper	remembering	of	factual	and	experiential	information52,53.			 Memory	is	classified	into	two	broad	categories—	explicit	and	implicit54.	The	former	refers	to	information	that	can	be	accessed	consciously,	and	is	also	known	as	declarative	memory.	Conversely,	implicit	memory	refers	to	information	that	is	accessed	in	the	absence	of	consciousness	through	changes	in	behavioral	or	physiological	responses.	This	kind	of	memory	is	often	also	known	as	non-declarative	memory.	Both	of	these	broad	categories	are	further	divided	into	specific	types	of	memory.		One	kind	of	implicit	or	non-declarative	memory	is	procedural	memory,	which	refers	to	the	acquisition	of	cognitive	and	behavioral	information	required	to	perform	certain	tasks.	Classic	examples	include	learning	to	ride	a	bicycle	and	tying	one’s	shoes.	Another	kind	of	non-declarative	memory	is	emotional	memory,	which	refers	to	a	change	in	response	to	previously	neutral	objects	due	to	an	emotionally-salient	experience.	An	example	is	avoiding	a	certain	food	because	it	had	evoked	nausea	or	vomiting.		Declarative	memory	is	split	into	short-term	and	long-term	memory.	Short-term	memory	refers	to	the	maintenance	of	verbal	and	nonverbal	information	such	that	it	may	be	used	to	complete	certain	tasks	or	engage	in	particular	behaviors	within	an	immediate	period	of	time55.	An	example	is	remembering	a	phone	number	
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while	dialing	the	phone.	Short-term	declarative	memory	is	also	known	as	working	memory.		Long-term	memory	refers	to	accessing	information	that	has	been	stored	in	the	past,	and	includes	semantic	and	episodic	memory.	Semantic	memory	refers	to	acquired	knowledge	of	the	world	and	one’s	surroundings,	including	facts,	concepts,	and	word	meanings56.	An	example	of	this	kind	of	memory	is	knowing	all	of	the	states’	capitals.	Episodic	memory	refers	to	the	memory	of	personal	events	and	experiences	that	occur	in	a	specific	time	and	place,	with	an	example	being	remembering	your	5th	birthday	party.			 Episodic	memory	relies	on	a	network	of	MTL	regions	along	with	cortical	and	subcortical	areas.	The	MTL	includes	the	hippocampus	and	parahippocampal	region,	which	consists	of	the	perirhinal	cortex,	entorhinal	cortex,	and	parahippocampal	cortex.		Animal	and	human	studies	of	the	anatomy	of	episodic	memory	converge	on	the	following	model	of	neurocircuitry:	input	travels	from	neocortical	association	areas	to	parahippocampal	areas	surrounding	the	hippocampus.	Neocortical	areas	include	the	prefrontal	cortex	and	other	areas	associated	with	conscious	remembering57.	Input	is	then	projected	from	parahippocampal	regions	to	each	subdivision	of	the	hippocampus,	where	it	travels	in	unidirectional	series	from	DG	to	CA3	to	CA1	and	finally	to	the	subiculum.	Output	from	CA1	and	the	subiculum	receives	feedback	from	the	parahippocampal	regions	and	travels	back	to	the	neocortical	areas	from	which	it	arrived58.	This	system	of	episodic	memory	is	depicted	in	Figure	2.		
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Figure	2.	Neurocircuitry	of	episodic	memory	in	primate	(left)	and	rodent	(right)	models58.		 Neuroimaging	studies	confirm	the	involvement	of	the	MTL	and	associated	areas	during	tasks	demanding	episodic	memory.	Experiments	designed	to	compare	brain	activity	via	fMRI	during	states	of	remembering	and	not	remembering	found	greater	hippocampal	and	MTL	activation	associated	with	a	state	of	remembering	visual	stimuli59,60.	In	a	phenomenon	termed	hemispheric	encoding/retrieval	asymmetry	(HERA),	different	neocortical	regions	are	preferentially	involved	in	encoding	versus	retrieval	of	episodic	memory.	Encoding	of	episodic	memory	is	
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associated	with	increased	activity	in	the	left	ventrolateral	prefrontal	cortex,	while	retrieval	is	associated	with	increased	activity	in	the	right	hemisphere61			
2. PATTERN	SEPARATION	AND	PATTERN	COMPLETION			 Pattern	separation	and	completion	are	mechanisms	performed	by	the	hippocampus	that	contribute	to	the	integrity	of	episodic	memory.	Memories	of	experiences	are	intimately	linked	to	the	spatial	context	in	which	they	occur,	both	in	natural	and	laboratory	settings;	in	the	previously-mentioned	example	of	a	5th	birthday	party,	one	might	remember	the	flavor	of	the	cake,	where	the	party	had	taken	place,	the	faces	of	those	who	had	attended,	as	well	as	the	day	and	time	of	the	celebration.	Pattern	separation	allows	one	to	distinguish	between	experiences	with	shared	contextual	characteristics,	such	as	the	difference	between	a	5th	and	6th	birthday	party.	Pattern	completion	allows	one	to	recall	the	entirety	of	a	memory	from	a	partial	clue,	such	as	remembering	details	of	one’s	5th	birthday	party	after	seeing	a	picture	from	the	celebration.				The	CA3	sub-region	of	the	hippocampus	is	primarily	responsible	for	pattern	completion	and	separation.	This	region	receives	input	from	granule	cells	in	the	DG	via	mossy	fibers.	DG	cells	parse	out	different	inputs	to	CA3	neurons	in	a	way	that	minimizes	the	potential	of	overlap	(pattern	separation)62.	Damage	to	the	dentate	gyrus	of	rats	impairs	performance	on	a	task	of	remembering	where	to	find	a	reward	(spatial,	object-place	association),	particularly	when	locations	are	close	together	and	require	pattern	separation	prior	to	storage63.	Axons	of	CA3	pyramidal	cells	
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synapse	upon	other	pyramidal	cells	and	interneurons	in	the	area,	forming	a	strong	associative	network	that	gives	rise	to	whole	memory	recall	from	only	partial	input	(pattern	completion)8,64.	The	neurons	of	CA3	then	project	to	neurons	of	CA1,	where	output	travels	from	the	hippocampus	to	the	neocortex.	Damage	to	CA3	neurons	results	in	impairment	of	associations	between	objects	and	spatial	locations65,	and	damage	to	CA1	neurons	particularly	affects	associations	based	on	temporal	sequencing66.		
3. MNEMONIC	SIMILARITY	TASK	The	Mnemonic	Similarity	Task	(MST),	also	known	as	the	Behavioral	Pattern	Separation	Task	(BPS-O),	is	a	procedure	used	to	assess	pattern	separation	and	completion	behavior	in	humans14.	Briefly,	participants	undergo	a	memory	test	in	which	they	view	everyday	objects	and	are	asked	to	judge	whether	the	image	they	are	viewing	is	“old”,	“similar”,	or	“new”	as	compared	with	images	that	have	come	before.	Images	consist	of	roughly	equal	numbers	of	new	images	(foils),	repeated	images	(targets),	and	perceptually	similar	images	(lures).	A	tendency	to	label	a	lure	as	“old”	shows	a	bias	for	pattern	completion,	while	successfully	judging	a	lure	as	“similar”	shows	a	tendency	for	pattern	separation.	The	distinction	between	pattern	separation	and	pattern	completion	is	most	readily	seen	in	aging	populations;	with	increasing	age	pattern	separation	performance	on	the	MST	tends	to	worsen	whereas	pattern	completion	performance	is	stable	compared	with	a	younger	control	group14.		
	12 
In	this	task,	pattern	completion	is	measured	via	a	simple	recognition	memory	task.	Recognition	memory,	a	form	of	declarative	memory,	refers	to	the	ability	to	recognize	an	object	as	familiar.	Enhanced	recognition	memory	suggests	a	bias	for	pattern	completion.	It	is	believed	that	the	perirhinal	cortex	is	more	valuable	to	recognition	memory	than	other	MTL	structures,	such	as	the	hippocampus.	Lesions	in	the	perirhinal	cortex	are	strongly	associated	with	impaired	object	recognition	performance	on	various	tasks,	while	hippocampal	damage	provides	much	less	reliable	findings,	as	recognition	memory	is	impaired	on	some	tasks	of	object	recognition—	but	not	all67.	This	suggests	that	the	hippocampus	may	not	be	primarily	responsible	for	recognition	memory	performance.	Neuroimaging	studies	confirm	that	tasks	meant	to	tax	episodic	memory	mobilize	known	neural	correlates	of	pattern	completion	and	separation.	In	an	fMRI	study	using	a	task	similar	to	MST,	bias	for	pattern	separation	was	associated	with	activity	in	the	CA3/DG,	while	bias	for	pattern	completion	was	associated	with	CA1	and	other	MTL	areas9.	Compared	with	healthy	controls,	individuals	with	mild	cognitive	impairments	(MCIs)	and	AD	display	hippocampal	hyperactivity	in	neuroimaging	studies	of	memory	tasks68,69.	Furthermore,	episodic	memory	is	negatively	impacted	in	conditions	such	as	MCI	and	AD14,15.	In	an	fMRI	study	of	individuals	with	amnestic	MCI	(aMCI),	pattern	separation	during	a	memory	task	was	associated	with	hyperactivation	of	the	CA3/DG	region70.	Similar	findings	have	been	observed	in	healthy,	older	adults.	This	suggests	that	individuals	with	impaired	cognition	must	activate	this	region	more	in	order	to	perform	pattern	separation.	
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Additionally,	a	negative	correlation	between	activation	and	pattern	separation	performance	was	observed,	indicating	that	increased	CA3/DG	activation	is	associated	with	episodic	memory	deficits.	Studies	indicate	that	pattern	separation	is	also	dependent	on	structural	characteristics	of	the	MTL	region.	Pattern	separation	performance	has	been	found	to	be	predicted	by	the	volume	of	the	left	CA3/DG	region	in	human	subjects71.			
4. EPISODIC	MEMORY	AND	AGING		 Aging	and	age-related	diseases	tend	to	affect	episodic	memory	before	other	kinds	of	memory.	The	MST	is	particularly	sensitive	to	detecting	changes	in	pattern	completion	and	separation	as	they	relate	to	aging.	Pattern	separation	scores	decrease	linearly	with	age,	suggesting	a	linear	deficit	in	separation	as	one	grows	older14.	Interestingly,	scores	of	recognition	memory	–	which	suggest	a	bias	for	pattern	completion–	tend	to	stay	fairly	constant	with	age.	However,	in	aMCI	both	pattern	completion	and	separation	scores	are	lower	than	those	of	a	healthy	comparison	group.			 The	neural	basis	for	age-	and	disease-related	deficits	in	episodic	memory	is	said	to	lie	in	diminished	hippocampal	connectivity	and	hippocampal	pathology,	respectively.	Aging	is	associated	with	reduced	connectivity	between	the	entorhinal	cortex	and	hippocampus	via	the	perforant	path72,73	as	well	as	between	the	hippocampus	and	other	brain	regions	via	limbic	tracts74.	In	patients	with	MCI,	pathology	is	present	in	certain	hippocampal	regions;	however,	the	DG	and	CA3	are	
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left	relatively	intact.	Pathology	tends	to	spread	to	all	regions	of	the	hippocampus	as	a	patient	progresses	through	progressive	stages	of	AD	severity75,76.	The	extent	of	episodic	memory	impairment	depends	on	the	severity	of	the	condition,	with	diseased	individuals	showing	poorer	performance	on	pattern	separation	compared	with	healthy	older	and	younger	individuals14.			 An	additional	theory	posits	that	neurogenesis	in	the	DG	plays	a	large	role	in	episodic	memory.	Neurogenesis	refers	to	the	creation	and	integration	of	new	neurons	into	the	network	of	the	DG,	which	is	one	of	two	sites	where	neurogenesis	is	thought	to	occur77.	In	a	rodent	model	of	ablated	neurogenesis	in	the	DG,	pattern	separation	was	impaired	in	a	task	of	spatial	learning78.	Alternatively,	in	another	rodent	model,	increasing	neurogenesis	has	been	found	to	be	sufficient	in	improving	pattern	separation79.		Aging	and	major	depressive	disorder	(MDD),	which	feature	impaired	episodic	memory	performance,	are	both	associated	with	deficits	in	neurogenesis80–82.	These	findings	suggest	that	neurogenesis	plays	an	important	role	in	episodic	memory	and	may	be	an	avenue	through	which	episodic	memory	may	be	improved.			
5. MINDFULNESS	AND	EPISODIC	MEMORY		Improvements	in	memory	have	been	observed	following	mindfulness	training.	Novice	participants	in	a	10-day	intensive	mindfulness	training	program	experienced	increased	performance	on	measures	of	declarative	memory	and	sustained	attention	as	compared	with	a	non-meditation	control	group83.	Self-
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reported	mindfulness	is	associated	with	enhanced	recognition	memory	performance	as	well	as	increased	specificity	of	autobiographical	memories23,84.		In	a	study	in	healthy	college	students,	mindfulness	induction	resulted	in	a	meaningful	increase	in	recognition	memory	performance23.	To	the	best	of	our	knowledge,	however,	no	studies	have	explicitly	examined	the	effect	of	mindfulness	on	pattern	separation.		Changes	in	episodic	memory	following	mindfulness	training	are	thought	to	be	mediated	by	changes	in	the	hippocampus.	Various	mindfulness	interventions	have	been	found	to	increase	grey	matter	concentration	and	density	in	the	hippocampus	as	well	as	other	MTL	areas.	Following	a	mindfulness	intervention	in	a	population	of	PD	patients,	an	increase	in	grey	matter	density	(GMD)	was	observed	compared	with	a	treatment-as-usual	(TAU)	control	group85.		It	is	proposed	that	greater	density	within	a	single	voxel	of	a	region	indicates	a	greater	number	of	nerve	cell	bodies	or	dendrites	within	that	area.	Studies	in	animals	suggest	that	changes	in	grey	matter	may	indicate	changes	in	synaptic	connections86.	An	increase	in	GMD,	therefore,	may	suggest	an	enhancement	of	episodic	memory	performance	via	improved	hippocampal	connectivity.	Preliminary	evidence	suggests	that	a	blend	of	physical	and	mindfulness	training	may	promote	neurogenesis	via	stress-reduction87,	although	this	is	difficult	to	establish	in	humans.	There	is	ample	evidence	in	animals	that	stress	hinders	neurogenesis,	so	it	is	reasonable	to	believe	that	the	benefit	of	mindfulness	on	stress-reduction	may	bolster	neurogenesis	as	well88.	Furthermore,	changes	in	hippocampal	
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morphometry	due	to	short-term	mindfulness	interventions	are	thought	to	be	comparable	to	long-term	interventions89.	Therefore,	it	is	possible	that	a	brief	mindfulness	meditation	intervention	may	elicit	changes	in	episodic	memory	via	changes	in	hippocampal	structure.	
	
SPECIFIC	AIMS		 The	purpose	of	this	study	was	to	evaluate	the	efficacy	of	a	mindfulness	technique	on	pattern	separation	and	completion	in	episodic	memory	as	well	as	on	hippocampal	structure,	including	volume	and	GMD.	Given	a	large,	rapidly-aging	population,	it	is	particularly	pressing	to	seek	out	non-invasive	and	accessible	techniques	that	can	bolster	memory	performance.	Prior	studies	suggest	that	mindfulness	has	powerful	effects	on	mood	as	well	as	memory,	and	can	alter	the	structure	of	the	hippocampus.	To	the	best	of	our	knowledge,	no	studies	have	explicitly	examined	whether	mindfulness	can	improve	pattern	separation	in	young,	healthy	participants.	Therefore,	this	study	was	implemented	to	investigate	whether	mindfulness	has	an	effect	on	the	behavioral	and	neural	correlates	of	pattern	separation	in	healthy	adults.		The	present	study	was	performed	as	a	pilot	project	for	a	larger	multi-site	study	examining	how	mindfulness	training	impacts	cognition	and	relevant	neural	markers	in	intelligent	young	individuals,	and	was	conducted	in	collaboration	with	Charles	River	Analytics	(CRA)	of	Cambridge,	MA.	Individuals	meeting	eligibility	criteria	were	assigned	to	either	a	4-week	mindfulness	or	active	writing	class.	
	17 
Pattern	separation	and	completion	performance	were	measured	before	and	after	the	intervention	using	the	MST.	Participants	also	underwent	MRI	scanning	before	and	after	either	intervention.	Accompanying	statistical	analysis	was	performed	to	examine	differences	in	pattern	separation	and	completion,	as	well	as	hippocampal	morphometry	with	respect	to	mindfulness	and	active	control	groups.		We	hypothesized	that	mindfulness	would	impact	memory	performance	on	the	MST,	and	that	behavioral	pattern	separation	change	would	be	driven	by	underlying	structural	changes	in	the	hippocampus.	Because	mindfulness	is	associated	with	changes	in	the	hippocampus	rather	than	perirhinal	cortex,	we	expected	to	find	no	difference	in	pattern	completion	assessed	via	a	recognition	memory	task	following	mindfulness	meditation.	Because	mindfulness	techniques	have	evoked	neural	and	structural	changes	in	the	hippocampus,	we	hypothesized	that	we	would	see	improved	pattern	separation	performance	in	the	mindfulness	meditation	group.	Furthermore,	we	hypothesized	that	improvements	in	behavioral	separation	would	be	supported	by	underlying	changes	in	brain	structure,	particularly	in	CA3	and	dentate	gyrus	subfields	of	the	hippocampus.				
METHODS	
INCLUSION	AND	EXCLUSION	CRITERIA		Because	this	was	a	pilot	study	for	a	larger	multi-site	study	of	high-performing	participants,	selection	criteria	were	based	on	criteria	for	the	larger	study.	Selected	participants	had	obtained	an	SAT	score	in	the	top	25th	percentile	
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(580	verbal,	610	math,	570	writing	on	2400-point	scale)	or	(if	SAT	data	was	not	available)	had	completed	at	least	2	years	of	education	at	a	4-year	college.	Individuals	with	exposure	to	more	than	3	previous	meditation	classes	or	more	than	20	mind-body	practices	such	as	yoga	or	tai	chi	were	excluded	from	the	study.	Non-fluent	English	speakers	were	also	excluded	due	to	the	nature	of	the	intervention	and	task.	Because	of	the	imaging	component	of	the	study,	individuals	who	could	not	undergo	MRI	scanning	(due	to	pregnancy,	metallic	implants,	etc.)	were	excluded.	Left-handed	individuals	were	excluded	due	to	cerebral	asymmetries90.	Individuals	taking	a	single	anti-depressant	drug	were	permitted	to	enroll,	but	individuals	taking	more	than	1	anti-depressant	or	other	psychiatric	drugs	were	excluded.	Individuals	who	exhibited	psychosis,	suicidality	or	posttraumatic	stress	disorder	(PTSD)	–	as	discerned	by	the	PTSD	Checklist	for	Civilians	(PCL-C)	administered	over	the	phone	–	were	excluded	from	the	study.	Additionally,	individuals	with	prior	academic	exposure	to	standard	cognitive	neuroscience	or	psychological	testing	were	excluded.	Due	to	the	nature	of	the	training	programs,	all	participants	needed	to	have	access	to	the	Internet	via	a	computer	with	a	video	camera.			
PARTICIPANT	POPULATION	AND	SELECTION	
	 Ninety	healthy	participants	between	the	ages	of	18-50	were	recruited	via	fliers	and	mailing	lists	distributed	to	individuals	in	the	Boston,	Massachusetts	area.	Participants	ranged	in	age	from	18	to	48,	with	a	mean	age	of	26.8	years.	87	participants	were	randomized	to	either	a	mindfulness	or	active	creative	writing	
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control	condition,	however	only	seventy-nine	started	their	assigned	program.	Following	attrition	(Med,	n	=	9;	C,	n	=	8),	group	sizes	for	post-testing	were	39	and	22	in	mindfulness	and	writing	control,	respectively.	MST	data	that	included	more	than	10%	missed	trials	(77/768)	due	to	technical	difficulties	or	lack	of	participant	adherence	was	not	used	in	statistical	analysis.	Participant	flow	is	depicted	in	Figure	3.		
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Figure	3.	Participant	flow		
	
INTERVENTIONS	Both	interventions	consisted	of	weekly	1-hour	classes	presented	via	Zoom.us,	a	web-based	meeting	software.	Classes	were	held	for	a	total	of	4	weeks.	Participants	in	each	group	were	able	to	communicate	with	their	teacher	and	with	one	another	via	webcam	and	microphone.	The	classes	were	recorded	to	allow	those	who	had	missed	the	live	recording	to	review	the	material.	Participants	were	instructed	to	practice	on	their	own	for	at	least	30	minutes,	5	times	a	week,	via	a	secure	web	portal	that	provided	either	guided	meditation	recordings	or	writing	prompts,	based	on	a	participant’s	group	assignment.	The	time	each	participant	
	21 
spent	practicing	on	the	portal	was	logged	and	recorded.	Practice	frequency	and	duration	were	designed	to	meet	the	requirements	for	future	workplace	implementation	of	a	mindfulness	program.			
MEDITATION	INTERVENTION	Participants	in	the	mindfulness	intervention	were	taught	by	a	teacher	with	over	15	years	of	experience	teaching	mindfulness	meditation.	Each	class	consisted	of	a	mixture	of	mindfulness	instruction	and	practice.	Thirty	minutes	of	the	class	were	devoted	to	practice,	while	the	remainder	encompassed	instructions	for	practice	as	well	as	a	question-and-answer	format	discussion	to	explain	concepts	of	mindfulness	in	depth.	The	first	two	classes	consisted	of	focused-attention	(FA)	meditation,	during	which	the	attention	is	on	the	breath	or	body	sensation	(also	known	as	body	scan).	In	the	final	two	weeks	the	classes	consisted	of	open	monitoring	(OM)	meditation,	which	refers	to	attention	that	is	directed	to	present	experiences	without	predetermining	a	specific	object	of	focus.				
ACTIVE	CONTROL	INTERVENTION		Participants	in	the	active	control	condition	engaged	in	a	comparative	class	that	featured	a	similar	format	with	the	same	teacher-support,	group	setting,	active	engagement,	demand	characteristics,	and	home	practice	demands	as	the	mindfulness	group.	Writing	has	been	shown	to	reduce	stress	and	improve	physical	and	mental	health91,92.	The	class	was	led	by	a	professional	writing	tutor.	Participants	
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were	assigned	exercises	consisting	of	writing	short	essays	in	response	to	a	photograph	or	short	text	taken	from	Wikipedia.org.	For	the	first	2	weeks	of	the	class,	participants	were	instructed	to	write	in	the	format	of	a	daily	newspaper	article.	For	the	remainder	of	the	classes,	participants	wrote	in	an	academic	scholar	format.		Participants	received	didactic	instruction	on	effective	writing	techniques,	concise	written	communication,	and	paragraph	structure.	Each	class	also	specified	time	for	questions-and-answers.		
	
MNEMONIC	SIMILARITY	TASK		In	order	to	test	pattern	recognition	and	separation,	participants	were	administered	the	MST	(Mnemonic	Similarity	Task,	formerly	known	as	BPS-O)	inside	the	MRI14,93.	In	this	task	participants	continuously	view	stimuli	on	a	screen	and	are	asked	to	classify	them	as	novel	(new),	repeated	(old),	or	lure	(similar)	using	a	button	box	held	in	the	participant’s	right	hand.	Presented	stimuli	were	color	photographs	of	everyday	items	displayed	on	a	computer	screen	for	2000	milliseconds	with	a	500-millisecond	inter-stimulus-interval	(ISI).	Participants	make	judgements	about	a	presented	stimulus,	deciding	whether	it	is	an	image	seen	previously	(old),	an	image	similar	to	one	shown	before	(similar),	or	an	image	that	has	never	before	been	shown	(new)	(Figure	4).	The	stimuli	that	are	presented	are	either	“foils”,	“lures”,	or	“targets”.	“Foils”	refer	to	images	that	are	“new”.	“Lures”	refer	to	images	that	are	“similar”.	And	“targets”	refer	to	images	that	are	“old”.		Participants	view	96	target,	96	lure,	and	576	foil	stimuli	for	a	total	of	768	trials.	Of	
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particular	interest	are	participants’	responses	to	lure	stimuli.	If	correctly	identified	as	“similar”,	this	suggests	a	tendency	for	pattern	separation.	If	incorrectly	identified,	this	suggests	a	tendency	for	pattern	completion.	The	MST	provides	2	measures:	the	lure	discrimination	index	(LDI)	and	the	recognition	index	(RI).		LDI	is	calculated	by	subtracting	the	proportion	of	“similar”	responses	to	foil	stimuli	from	the	proportion	of	“similar”	responses	to	lure	stimuli	(LS/L	–	FS/F).	RI	is	calculated	by	subtracting	the	proportion	of	“old”	responses	to	foil	stimuli	from	“old”	responses	to	target	stimuli	(TO/T	–	FO/F).	LDI	is	representative	of	pattern	separation	performance,	while	RI	is	representative	of	pattern	completion	performance.			
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Figure	4.	Mnemonic	Similarity	Task	(MST).	Examples	of	images	that	might	be	shown	during	the	task,	including	a	lure	(similar	images)	and	target	(repeated	images)	pair.		
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MRI	ACQUISITION	AND	PROCESSING	MRI	acquisition	and	processing	occurred	as	detailed	in	another	study	utilizing	the	same	participants94.	Participants’	brains	were	scanned	via	a	Siemens	3T	scanner	using	a	32-channel	head-coil.	T1	weighted	images	were	acquired	via	standard	magnetization	prepared	rapid	gradient-echo	(MPRAGE)	sequence	(256	×	256	×	176,	1	mm	isotropic	voxels;	TR	=	2530	ms,	TE	=	1.69	ms,	TI	=	1100	ms,	flip	angle=7°).	FreeSurfer	image	analysis	suite	version	5.3	was	used	for	cortical	reconstruction	and	volumetric	segmentation.	To	extract	reliable	volume	estimates,	images	from	before	and	after	the	training	programs	were	automatically	processed	with	the	longitudinal	stream	95.	Specifically	an	unbiased	within-subject	template	space	and	image	96	is	created	using	robust,	inverse	consistent	registration	97.	Several	processing	steps,	such	as	skull	stripping,	Talairach	transforms,	and	atlas	registration	as	well	as	spherical	surface	maps	and	parcellations	were	then	initialized	with	common	information	from	the	within-subject	template,	significantly	increasing	reliability	and	statistical	power	95.	No	manual	interventions	were	needed	following	a	visual	check	of	segmentation	accuracy.	Using	FreeSurfer’s	“asegstats2table”	and	“long_stats_slopes”,	we	extracted	volumes	and	symmetrized	percent	change	of	bilateral	hippocampi	and	subfields	in	mm3	pre	and	post	training	programs	were	extracted	using	FreeSurfer’s	“asegstats2table”	and	“long_stats_slopes”.	Symmetrized	percent	change	refers	to	the	rate	of	change	with	respect	to	the	average	volume	between	two	time-points	rather	than	the	rate	of	change	from	the	first	to	the	second	
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time	point.	It	has	been	shown	to	be	a	more	robust	and	sensitive	measure	of	longitudinal	processing	than	standard	percent	change	and	other	measures	of	longitudinal	structure	change	95.		
	
PROCEDURE	Individuals	were	screened	over	the	phone	in	order	to	determine	study	eligibility.	Those	who	were	deemed	eligible	were	invited	to	the	Martinos	Center	for	Biomedical	Imaging	at	Massachusetts	General	Hospital	in	Charlestown,	MA.	Participants	provided	written	consent,	completed	the	MST	as	well	as	other	measures	outside	the	scope	of	this	paper,	and	underwent	a	9-minute	structural	MRI	scan.	Participants	started	their	training	program	within	0-2	weeks	following	completion	of	baseline	testing,	and	repeated	testing	0-2	weeks	after	completion	of	the	training	program.			
STATISTICAL	ANALYSIS		All	analyses	of	behavioral	data	described	below	were	conducted	with	SPSS	25	(SPSS	Inc.,	Chicago,	IL,	USA),	and	all	imaging	data	were	analyzed	with	FreeSurfer	image	analysis	suite	version	5.3.		
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RESULTS		
PARTICIPANT	DEMOGRAPHICS			 Data	from	45	participants	(Med,	n	=	30;	Control,	n	=	15)	had	usable	baseline	and	post	data.	Data	from	participants	who	experienced	technical	difficulties	or	had	missed	more	than	10%	of	trials	on	the	MST	(77/768)	were	excluded	from	analysis.	The	average	age	of	all	participants	was	26.53	±	4.42	years.		Independent-samples	t-tests	and	chi	square	tests	were	used	to	examine	group	differences	on	demographic	and	logistical	measures.	Mindfulness	meditation	and	active	creative	writing	control	groups	did	not	differ	on	measures	of	age	[t(43)	=	-0.519,	P	=	0.606]	or	highest	level	of	education	attained	[Med:	3	some	college,	14	bachelor	degree,	2	master	degree,	11	doctorate	degree;	Controls:	3	some	college,	4	bachelor	degree,	5	master	degree,	3	doctorate	degree;	χ2(3)	=	7.214,	p	=	0.065].	Participants	in	the	mindfulness	meditation	group	attended	a	mean	of	3.33	±	0.802	classes,	while	participants	in	the	active	control	group	attended	a	mean	of	3.33	±	1.05	classes.	Groups	did	not	differ	in	number	of	classes	attended	[t(43)	=	0,	P	=	0.410].	Homework	completed	was	14.93	±	4.97	assignments	and	11.67	±	6.51	assignments	for	mindfulness	meditation	and	control	groups,	respectively.	There	was	no	significant	difference	between	groups	in	amount	of	homework	completed	[t(43)	=	1.872,	P	=	0.093].	Additionally,	there	was	no	significant	difference	in	gender	[Med:	21	females,	9	males;	Controls:	11	females,	4	males;	χ2(1)	=	0.054,	p	=	0.816]	or	race	
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[Med:	7	Asian,	18	White,	1	Black,	3	Hispanic,	1	Multiracial;	Controls:	6	Asian,	8	White,	1	Multiracial;	χ2(4)	=	3.288,	p	=	0.511].		
	
MST	 The	MST	assesses	participants’	pattern	separation	and	recognition	memory	performance	via	a	forced-choice	memory	task.	Participants	are	shown	a	total	of	768	everyday	objects	and	asked	to	identify	each	object	as	“old”,	“similar”,	or	“new”	based	on	images	they	have	seen	already.	Participants	are	shown	96	pairs	of	target,	lure,	and	foil	images.	Target	images	are	identified	as	“old”,	lure	images	are	identified	as	“similar”,	and	foil	images	are	identified	as	“new”.	A	table	of	proportions	of	participants’	responses	to	each	component	of	the	MST	before	and	after	each	intervention	is	shown	below,	grouped	by	condition	(Table	1).											
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Table	1.	Average	values	±	SD	of	individual	components	of	the	MST	for	Meditation	and	Control	groups	at	pre-	and	post-testing.	Correct	responses	to	each	MST	condition	are	bolded.		
	 	
	
	
	
	 PRE	 POST	
Old	 Similar	 New	 Old	 Similar	 New	
MEDITATION	
Target	 0.816	
±		
0.124	 0.100	±		0.071	 0.085	±		0.111	
	
0.814	
±		
0.127	
	
0.121	
±		0.105	
	
0.065	
±		0.066	
Lure	 0.323	
±		0.136	 0.514	±		0.158	 0.156	±		0.149	
	
0.296	
±		0.107		
	
0.583	
±		
0.117	
	
0.121	
±		0.090	
	
Foil	 0.023	
±		0.019	
	
0.126	
±		0.116	
	
0.851	
±		
0.120	
	
0.015	
±		0.014	
	
0.124	
±		0.150	
	
0.861	
±		
0.151	
	
CONTROL	
Target	 0.809	
±		
0.154	
	
0.105	
±		0.064	
	
0.086	
±		0.115	
	
0.760	
±	
0.130	
	
0.136	
±		0.064	
	
0.104	
±		0.095	
	
Lure	 0.345	
±		0.120	
	
0.534	
±		
0.142	
	
0.120	
±		0.131	
	
0.268	
±		0.114	
	
0.542	
±		0.134	
	
0.191	
±		0.123	
	
Foil	 0.024	
±		0.020	
	
0.170	
±		0.111	
	
0.806	
±		
0.115	
	
0.020	
±		0.017	
	
0.111	
±		0.093	
	
0.869	
±		0.099	
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If	mindfulness	techniques	can	improve	behavioral	pattern	separation	performance,	we	hypothesized	we	would	see	a	greater	increase	in	lure	discrimination	index	(LDI)	scores	on	the	MST	in	the	mindfulness	meditation	group	compared	with	the	control	group.	Because	changes	in	LDI	have	been	strongly	associated	with	pattern	separation	performance	in	the	hippocampus,	and	this	measure	is	dissociated	from	the	recognition	index	(RI)	score,	we	did	not	expect	to	observe	significant	changes	in	the	RI	score14,93.	Furthermore,	we	hypothesized	that	behavioral	changes	in	memory	would	be	supported	by	neural	changes	in	hippocampal	brain	volume	or	grey	matter	density	(GMD).			
NO	SIGNIFICANT	INTERACTION	OF	GROUP	OR	TIME	ON	RI	SCORES	To	confirm	that	there	would	be	no	changes	in	pattern	completion	following	either	intervention,	a	two-way	mixed	ANOVA	was	performed	on	recognition	index	(RI)	scores.	This	is	calculated	as	the	difference	between	the	proportion	of	target	images	correctly	identified	as	“old”	and	the	proportion	of	foil	images	incorrectly	identified	as	“old”	(TO/T	–	FO/F).		There	were	two	outliers,	which	had	studentized	residual	values	of	-3.17	and	-3.16,	respectively.	RI	score	was	normally	distributed,	as	assessed	by	Normal	Q-Q	plot.	There	was	homogeneity	of	variances	and	covariances,	as	assessed	by	Levene’s	test	of	homogeneity	of	variance	and	Box’s	test	of	equality	of	covariance	matrices,	respectively	(p	>	0.05).	In	ANOVA	analysis	including	the	outliers,	we	did	not	find	a	statistically	significant	group	x	time	interaction	on	RI	score,	F(1,43)	=	2.485,	p	=	0.122,	partial	η²	=	0.055.	Mean	RI	scores	±	standard	error	
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for	each	condition	before	and	after	the	intervention	are	shown	in	Figure	5.	An	ANOVA	analysis	excluding	the	two	outliers	similarly	found	no	statistically	significant	group	x	time	interaction	on	RI	score,	F(1,41)	=	2.676,	p	=	0.110,	partial	η²	=	0.061.		
	
Figure	5.	ANOVA	of	RI	scores	(TO/T	–	FO/F)	calculated	for	mindfulness	meditation	and	active	control	groups	before	and	after	respective	intervention.	No	statistically	significant	interaction	between	intervention	and	time	on	RI	score	was	found	(F(1,43)	=	2.485,	p	=	0.122).	Error	bars	indicate	standard	error.			
SIGNIFICANT	INCREASE	OF	LURE	DISCRIMINAION	INDEX	SCORES	OVER	TIME	
IN	MINDFULNESS	MEDITATION	GROUP	To	test	the	hypothesis	that	mindfulness	meditation	would	increase	pattern	separation	performance,	a	two-way	mixed	ANOVA	was	performed	on	LDI	scores.	
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LDI	scores	are	calculated	by	subtracting	the	proportion	of	“similar”	responses	to	foil	stimuli	from	the	proportion	of	“similar”	responses	to	lure	stimuli	(LS/L	–	FS/F).	LDI	scores	were	normally	distributed,	as	assessed	by	Shapiro-Wilk’s	test	(p	>	0.05)	and	Normal	Q-Q	Plots.	There	were	no	outliers,	as	assessed	by	examination	of	studentized	residuals	for	values	greater	than	±3.	There	was	homogeneity	of	variances,	as	assessed	by	Levene’s	test	of	homogeneity	of	variance	(p	>	.05).	There	was	homogeneity	of	covariances,	as	assessed	by	Box’s	test	of	equality	of	covariance	matrices	(p	=	0.265).	There	was	a	statistically	significant	group	x	time	interaction	on	LDI	scores,	F(1,	43)	=	4.999,	p	=	0.031,	partial	η²	=	0.104.	There	was	a	statistically	significant	effect	of	time	on	LDI	score	for	the	mindfulness	meditation	group,	F(1,	29)	=	14.375,	p	=	0.001,	partial	η²	=	0.331.	Mean	LDI	scores	±	standard	error	for	both	conditions	before	and	after	interventions	are	depicted	in	Figure	6.	PRE:	Med:	0.391	
±	0.026,	Control:	0.409	±	0.037;	POST:	Med:	0.475	±	0.026,	Control:	0.404	±	0.037.							
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Figure	6.	ANOVA	of	LDI	scores	(LS/L	–	FS/F)	calculated	for	mindfulness	meditation	and	active	writing	control	groups.	Error	bars	indicate	standard	error.	Blue	is	baseline	score,	red	is	post	score.	There	was	a	significant	effect	of	time	on	LDI	score	in	the	mindfulness	meditation	group,	F(1,	29)	=	14.375,	p	=	0.001.		
	
HIPPOCAMPAL	VOLUME	AND	GREY	MATTER	DENSITY			 Because	pattern	separation	depends	on	hippocampal	activity	and	structure,	it	was	hypothesized	that	a	change	in	LDI	(LDI	post	–	LDI	pre)	would	be	associated	with	an	underlying	change	in	hippocampal	structure.	Several	measures	were	obtained:	lateralized	hippocampal	volume	and	grey	matter	density	(GMD),	as	well	volume	of	hippocampal	sub-regions	including	subiculum,	presubiculum,	CA1,	CA2/CA3,	fimbria,	CA4/DG,	and	hippocampal	fissure.	Mindfulness	and	Control	
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groups	whose	data	were	used	in	behavioral	analysis	did	not	differ	on	baseline	measures	of	left	or	right	HC	GMD	[t(36)	=	0.096,	P	=	0.924;	t(36)	=	1.030,	P	=	0.913,	respectively].	The	groups	also	did	not	differ	on	baseline	measures	of	left	and	right	hippocampal	volume	[t(36)	=	0.965,	P	=	0.341;	t(36)	=	1.023,	P	=	0.313,	respectively].		In	order	to	examine	changes	in	the	brain	following	treatment	program,	we	obtained	symmetrized	percent	change	(SPC)	values	for	whole	and	regional	hippocampal	volume	and	GMD.	SPC	refers	to	a	change	in	brain	structure	from	pre-	to	post-scanning.	An	independent-samples	t-test	compared	groups’	whole	and	subfield	hippocampal	SPC	as	well	as	whole	hippocampal	GMD	SPC	for	both	lateralities.	A	significant	decrease	in	right	hippocampal	GMD	was	noted	in	the	mindfulness	group	(M:	-0.421	±	1.158)	compared	with	the	control	group	(C:	0.489	±	0.964)	[t(35)	=	2.463,	P	=	0.019).	Shapiro-Wilk’s	test	confirmed	normal	distribution	(p>0.05),	and	visual	inspection	of	a	histogram	of	data	revealed	no	outliers	for	either	group.	This	means	that	the	mindfulness	group	displayed	a	decrease	in	right	hippocampal	grey	matter	density	following	the	intervention.		Next,	an	independent-samples	t-test	was	run	for	all	participants	with	right	hippocampal	GMD	SPC	data.	Following	the	removal	of	a	single	outlier	in	the	mindfulness	group,	normal	distribution	was	confirmed	with	Shapiro-Wilk’s	test	(p>0.05)	and	no	outliers	were	identified	in	a	histogram	of	data	for	both	groups.	Although	there	was	a	similar	trend	of	a	greater	decrease	in	right	hippocampal	GMD	in	the	mindfulness	group	compared	with	the	active	control	group	(M:	-0.408	±	
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1.098,	C:	0.176	±	1.09),	this	trend	was	marginal	and	did	not	reach	significance	(t(48)	=	-1.862,	P	=	0.07).	An	independent-samples	t-test	including	the	outlier	similarly	revealed	no	significant	difference	in	right	hippocampal	grey	matter	density	SPC	between	mindfulness	and	control	groups	(t(49)	=	-0.934,	P	=	0.355).		
	
CORRELATION	BETWEEN	INCREASE	IN	LURE	DISCRIMINATION	INDEX	SCORES	
AND	RIGHT	HIPPOCAMPAL	SUB-FIELDS		No	significant	correlation	was	found	between	change	in	LDI	score	(LDI	post	–	LDI	pre)	and	change	in	right	hippocampal	GMD	(r	=	0.116,	n	=	29,	p	=	0.1160).	We	also	analyzed	correlations	for	all	participants	with	usable	LDI	change	data	between	LDI,	age,	and	SPC	of	various	hippocampal	subfields	of	both	lateralities.	A	marginally	significant	negative	correlation	was	found	between	age	and	left	presubiculum	volume	SPC	(Table	2).	This	means	that	increased	age	is	marginally	associated	with	decreased	volume	in	the	left	presubiculum	of	the	hippocampus.								
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Table	2.	Pearson	correlations	among	LEFT	hippocampal	SPC	of	volume,	age,	and	LDI	change.	Note:	Presub	=	presubiculum,	Fim	=	fimbria,	Sub	=	subiculum,	Fis	=	hippocampal	fissure.	~	indicates	p	<	0.1.			 AGE	 ∆	LDI	
AGE	 -	 0.097	p	=	0.525	
∆	LDI	 -	 -	
HC	 0.219	p	=	0.192	 0.026	p	=	0.878	
PRESUB	 -0.319~	p	=	0.054	 0.002	p	=	0.992	
CA1	 -0.077	p	=	0.653	 0.097	p	=	0.567	
CA2/3	 -0.104	p	=	0.540	 0.041	p	=	0.810	
FIM	 -0.172	p	=	0.309	 -0.170	p	=	0.315	
SUB	 -0.166	p	=	0.326	 0.025	p	=	0.884	
CA4/DG	 -0.111	p	=	0.515	 0.068	p	=	0.688	
FIS	 -0.062	p	=	0.716	 -0.176	p	=	0.297	
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		 Aligning	with	what	is	known	about	the	normal	aging	process	in	the	hippocampus,	several	significant	negative	Pearson	correlations	were	found	between	primarily	right	hippocampal	subfields	and	age	(right	hippocampus:	r	=	-0.351,	n	=	37,	p	=	0.033;	right	CA2/3:	r	=	-0.366,	n	=	37,	p	=	0.026;	right	CA4/DG:	r	=	-0.372,	n	=	37,	p	=	0.023)	(Table	3).		A	significant	negative	correlation	was	found	between	LDI	score	differences	and	SPC	in	the	right	presubiculum	and	right	hippocampal	fissure	(right	presubiculum:	r	=	-0.353,	n	=	37,	p	=	0.032;	right	hippocampal	fissure:	r	=	-0.379,	n	=	37,	p	=	0.021)	(table	3).	This	means	that	an	increase	in	LDI	is	associated	with	a	greater	decrease	in	volume	in	presubiculum	and	right	hippocampal	fissure.	Scatter	plots	of	these	correlations	labelled	by	intervention	condition	are	depicted	in	Figures	7	and	8.											
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Table	3.	Pearson	correlations	among	RIGHT	hippocampal	SPC	of	volume,	age,	and	LDI	change.	Note:	Note:	PRESUB	=	presubiculum,	FIM	=	fimbria,	SUB	=	subiculum,	FIS=	hippocampal	fissure.	*	=	p	<	0.05.		 AGE	 ∆	LDI	
AGE	 -	 0.10	p=0.525	
∆	LDI	 -	 -	
HC	 -0.351*	p=0.033	 -0.253	p=0.130	
PRESUB	 0.022	p=0.895	 -0.353*	p=0.032	
CA1	 -0.135	p=0.427	 0.052	p=0.762	
CA2/3	 -0.366*	p=0.026	 -0.098	p=0.562	
FIM	 -0.262	p=0.117	 -0.183	p=0.279	
SUB	 -0.094	p=0.581	 0.020	p=0.908	
CA4/DG	 -0.372*	p=0.023	 -0.081	p=0.635	
FIS	 -0.266	p=0.111	 -0.379*	p=0.021	
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		 A	linear	regression	was	run	to	understand	the	effect	of	average	change	in	right	presubiculum	SPC	on	average	change	in	LDI	score.	To	assess	linearity	a	scatterplot	of	change	in	LDI	score	(LDI	post	–	LDI	pre)	against	average	right	presubiculum	volume	SPC	with	superimposed	regression	line	was	plotted.	Visual	inspection	of	the	scatterplot	indicated	a	linear	relationship	between	the	variables.	There	were	no	outliers.	There	was	independence	of	residuals,	as	assessed	by	a	Durbin-Watson	statistic	of	1.744.	There	was	homoscedasticity,	as	assessed	by	visual	inspection	of	a	plot	of	standardized	residuals	versus	standardized	predicted	values.	Residuals	were	normally	distributed,	as	assessed	by	visual	inspection	of	a	normal	probability	plot.			 The	prediction	equation	was:		𝐿𝐷𝐼	𝐷𝑖𝑓𝑓 = 0.042 +	−1.45	𝑥	𝑟𝑖𝑔ℎ𝑡	𝑝𝑟𝑒𝑠𝑢𝑏𝑖𝑐𝑢𝑙𝑢𝑚	𝑣𝑜𝑙𝑢𝑚𝑒	𝑆𝑃𝐶		Right	subiculum	volume	SPC	statistically	significantly	predicted	change	in	LDI	score	difference,	F(1,35)	=	4.979,	p	=	0.032,	accounting	for	12.5%	of	the	variation	in	LDI	score	difference	with	adjusted	R2	=	10.0%,	a	medium	effect	size	according	to	Cohen98.	An	average	increase	in	right	subiculum	SPC	of	1%	leads	to	a						-1.415	(95%	CI,	-2.702	to	-0.128)	point	change	in	LDI	score.		A	second	linear	regression	was	run	to	understand	the	effect	of	average	right	hippocampal	fissure	volume	SPC	on	average	change	in	LDI	score.	To	assess	linearity,	
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a	scatterplot	of	LDI	score	difference	(LDI	post	–	LDI	pre)	against	right	hippocampal	fissure	SPC	with	superimposed	regression	line	was	plotted.	Visual	inspection	of	the	scatterplot	indicated	a	linear	relationship	between	the	variables.	There	were	no	outliers.	There	was	independence	of	residuals,	as	assessed	by	a	Durbin-Watson	statistic	of	1.69.	There	was	homoscedasticity,	as	assessed	by	visual	inspection	of	a	plot	of	standardized	residuals	versus	standardized	predicted	values.	Residuals	were	normally	distributed,	as	assessed	by	visual	inspection	of	a	normal	probability	plot.			The	prediction	equation	was:		𝐿𝐷𝐼	𝐷𝑖𝑓𝑓 = 0.048 +	−0.361	𝑥	𝑟𝑖𝑔ℎ𝑡	ℎ𝑖𝑝𝑝𝑜𝑐𝑎𝑚𝑝𝑎𝑙	𝑓𝑖𝑠𝑠𝑢𝑟𝑒	𝑆𝑃𝐶		Difference	in	LDI	score	statistically	significantly	predicted	change	in	right	hippocampal	fissure	volume	SPC,	F(1,35)	=	5.853,	p	=	0.021,	accounting	for	14.3%	of	the	variation	in	right	hippocampal	fissure	SPC	with	adjusted	R2	=	11.9%,	a	medium	effect	size	according	to	Cohen98.	An	average	increase	in	right	hippocampal	volume	SPC	of	1%	leads	to	a	-0.361	(95%	CI,	-0.664	to	-0.058)	point	change	in	LDI	score.						
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Figure	7.	Scatter	plot	of	standardized	percent	change	in	right	presubiculum	volume	vs.	difference	in	LDI	scores	sorted	by	intervention	group.	Control	and	Mindfulness	groups	are	blue	and	red,	respectively.	Note:	C	=	control,	M	=	mindfulness.					
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Figure	8.	Scatter	plot	of	standardized	percent	change	in	right	hippocampal	fissure	volume	vs.	difference	in	LDI	scores.	Control	and	Mindfulness	group	are	blue	and	red,	respectively.	Note:	C	=	control,	M	=	mindfulness.			
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DISCUSSION		 In	this	study,	we	assessed	the	effect	of	a	mindfulness	intervention	on	behavioral	pattern	separation	via	the	MST,	as	well	as	relevant	structural	correlates	in	the	hippocampus	through	neuroimaging.	Following	a	mindfulness	meditation	intervention	in	healthy	participants,	we	found	a	significant	effect	of	time	on	LDI	scores	in	the	mindfulness	group	compared	with	an	active	writing	control	group.	This	suggests	a	mindfulness-mediated	increase	of	pattern	separation.	In	contrast,	we	did	not	find	a	significant	interaction	of	time	and	group	on	RI	scores	in	either	group.	This	suggests	no	change	in	pattern	completion,	as	expected.	Furthermore,	the	change	in	LDI	score	for	all	participants	was	associated	with	a	change	in	the	volume	of	the	presubiculum	and	hippocampal	fissure	of	the	right	hippocampus.	These	findings	support	the	use	of	mindfulness	meditation	as	a	technique	to	bolster	pattern	separation,	which	is	essential	to	episodic	memory.	Furthermore,	it	is	possible	that	these	behavioral	changes	are	mediated	by	volume	changes	in	subfields	of	the	right	hippocampus.		
	
MINDFULNESS	IMPROVES	PATTERN	SEPARATION	PERFORMANCE	To	our	best	knowledge,	no	other	studies	have	examined	the	effect	of	mindfulness	meditation	on	behavioral	pattern	separation	of	visual	objects.	However,	the	improvement	of	episodic	memory	through	mindfulness	was	reported	
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in	a	study	by	Brown	and	colleagues23.	This	study	found	a	significant	correlation	between	self-reported	mindfulness	scores	and	noted	an	improvement	in	recognition	memory	performance	following	a	singular	20-minute	mindfulness	meditation	induction.	This	is	in	contrast	to	our	present	experiment,	in	which	we	did	not	find	significant	changes	in	scores	of	recognition	memory	between	mindfulness	and	active	control	groups.		Pattern	separation	and	recognition,	though	both	parts	of	episodic	memory,	are	distinct	from	one	another.	The	normal	aging	process	is	involved	in	deficits	in	pattern	separation	but	not	recognition	memory,	while	mild	cognitive	impairment	is	associated	with	deficits	in	both	processes	of	episodic	memory14.	Additionally,	pattern	separation	relies	heavily	on	the	hippocampus,		while	recognition	memory	relies	moreso	on	structures	other	than	the	hippocampus	in	the	medial	temporal	lobe,	such	as	the	perirhinal	cortex99.	In	addressing	the	discrepancy	in	recognition	memory	change	between	our	study	and	Brown’s,	it	is	important	to	consider	the	differences	in	length	of	meditation	training	between	groups,	as	well	as	the	lack	of	comparable	active	control	in	the	study	by	Brown23.	Our	study	utilized	a	4-week	mindfulness	training	paradigm	including	daily	mindfulness	practice.	Perhaps	short-term	meditation	facilitates	episodic	memory	enhancement	through	improved	recognition	memory,	while	a	longer	intervention	facilitates	episodic	memory	enhancement	through	improved	pattern	separation.	It	is	also	unlikely	that	a	short	mindfulness	induction	alters	brain	structures,	so	a	longitudinal	design	like	the	one	used	in	our	study	may	better	represent	lasting	behavioral	and	structural	changes.	A	
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future	experiment	measuring	recognition	memory	and	pattern	separation	in	both	short-	and	long-term	meditation	interventions	could	clarify	this.		A	previous	study	conducted	by	our	group	utilizing	the	same	participant	population	found	improvements	in	working	memory	associated	with	the	mindfulness	meditation	intervention94.	Following	mindfulness	training,	data	from	all	participants	showed	a	reduction	in	proactive	interference,	which	refers	to	the	phenomenon	of	previously	encoded	information	interfering	with	the	learning	of	new	material.		This	suggests	that	mindfulness	training	may	act	to	bolster	memory	through	multiple	processes,	including	improved	pattern	separation	and	reduced	proactive	interference.	Reduced	proactive	interference	is	integral	to	working	memory,	which	refers	to	holding	input	in	short-term	memory.	Computational	neuroscience	research	suggests	that	both	episodic	memory	and	working	memory	involve	the	dorsal	CA3	sub-region	of	the	hippocampus100.		Due	to	the	deterioration	of	pattern	separation	with	normal	aging	as	well	as	mild	cognitive	impairment,	results	from	this	study	support	the	potential	implementation	of	mindfulness	meditation	techniques	in	order	to	prevent	episodic	memory	deficits	in	vulnerable	individuals.	A	limitation	of	this	study	is	that	it	utilized	relatively	young,	healthy,	well-educated	participants.	Thus	it	is	difficult	to	speculate	about	the	generalizability	of	current	results	to	an	aging	or	cognitively	impaired	population.	However,	existing	mindfulness	research	lends	support	to	this	generalization,	as	mindfulness	interventions	in	older	adults	have	been	found	to	facilitate	improved	attentional	control,	which	may	be	important	to	encoding	and	
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retrieving	episodic	memories101.	Future	studies	could	examine	short-term	and	long-term	effects	of	mindfulness	meditation	on	memory	in	aging	or	MCI	populations.			
MINDFULNESS	ALTERS	HIPPOCAMPAL	STRUCTURE			The	mindfulness	group	exhibited	a	decrease	in	right	hippocampal	grey	matter	density	following	the	intervention.	Activation	in	the	right	hippocampus	has	been	associated	with	pattern	separation	tasks,	particularly	those	relying	on	spatial	orientation102.	Because	presented	similar	images	in	the	MST	were	often	oriented	in	a	different	fashion	than	the	original	image,	the	lateralization	of	brain	changes	in	the	right	hippocampus	is	consistent	with	previous	studies	of	pattern	separation.	However,	previous	studies	have	found	that	grey	matter	volume	in	the	HC	of	practicing	meditators	is	increased,	rather	than	decreased,	compared	with	non-meditating	controls103.		Because	the	aforementioned	study	utilized	practicing	meditators	with	an	average	of	20+	years	of	experience	rather	than	naïve	participants	undergoing	mindfulness	training,	it	is	possible	that	it	takes	several	years	of	consistent	mindfulness	practice	in	order	to	exhibit	increases	in	hippocampal	grey	matter	density.		LDI	scores	were	negatively	correlated	with	changes	in	right	presubiculum	and	hippocampal	fissure	volume.	The	presubiculum	is	involved	in	spatial	memory	and	receives	input	from	CA1	and	sends	output	to	the	entorhinal	cortex	for	further	processing104.		The	hippocampal	fissure	separates	the	dentate	gyrus	from	the	subiculum	and	CA1.	An	enlarged	hippocampal	fissure	has	been	associated	with	
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medial	temporal	lobe	atrophy	in	AD105.	Therefore,	a	decrease	in	hippocampal	fissure	volume	may	be	protective	of	the	integrity	of	the	MTL	and	beneficial	to	episodic	memory.		Previous	studies	of	the	neural	correlates	of	the	MST	have	found	associations	between	pattern	separation	and	CA1	and	CA3	sub-regions	of	the	hippocampus13.	In	contrast	to	this,	we	did	not	note	significant	associations	between	LDI	and	CA1	or	CA2/CA3.	Most	studies	demonstrate	an	increase	in	brain	volume	in	the	hippocampus	following	a	mindfulness	intervention106.		Prior	studies	have	looked	at	trait	mindfulness	or	experienced	meditators,	so	future	studies	can	examine	hippocampal	changes	in	participants	following	mindfulness	interventions.		
	
LIMITATIONS		Limitations	of	this	study	draw	attention	to	the	generalizability	of	the	results.	Participants	in	the	current	study	were	relatively	young,	healthy,	and	well-educated.	A	benefit	of	this	study	is	that	it	used	a	racially	diverse	participant	population.	It	is	important	for	future	investigations	to	carefully	consider	how	such	demographic	information	may	influence	results.	Furthermore,	data	for	several	participants	in	both	groups	was	not	used	in	analysis	due	to	lack	of	participant	adherence	to	task	procedure,	which	limited	the	number	of	analyzed	participants	in	both	Mindfulness	and	Control	groups.	The	current	study	used	a	4-week	mindfulness	program.	This	is	shorter	than	a	typical	8-week	MBSR	program.	Future	studies	could	examine	the	effects	of	full-length	MBSR	program	on	pattern	separation.	
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